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List of abbreviations 26 
AWA: agricultural waste ashes 27 
BLA: Bamboo leaf ash 28 
CH: Calcium hydroxide (hydrated lime) 29 
C-S-H: calcium silicate hydrate gel 30 
DTG: Derivative thermogravimetric curves  31 
EDS: energy dispersive x-ray spectroscopy 32 
FESEM: Field emission scanning electron microscopy 33 
FTIR: Fourier transform infrared spectroscopy 34 
OM: optical microscopy 35 
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RlsA: rice leaf sheath ash 38 
RsA: rice stem ash 39 
RSA: rice straw ash 40 
SCM: supplementary cementing material 41 
SLA: sugarcane leaf ash 42 
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Biomass waste from rice straw has many management problems, including field 47 
firing causing severe air pollution and natural organic decomposition resulting in 48 
methane emission. The conversion of this waste to ashes may offer the 49 
possibility of reusing them in cementing systems. For the first time ashes from 50 
different parts of the rice plant (Oryza sativa) were characterized from the 51 
chemical composition point of view: rice leaf ash (RLA), rice leaf sheath ash 52 
(RlsA) and rice stem ash (RsA). Microscopic studies on ashes revealed 53 
heterogeneity in the distribution of chemical elements in the remaining cellular 54 
structure (spodograms). The highest concentration of SiO2 was found in 55 
dumbbell-shaped phytoliths (%SiO2>78%). In the global chemical composition 56 
of ashes, SiO2 was also the main oxide present. According to Vassilev´s 57 
classification of chemical composition, RLA belongs to the K-MA zone (medium 58 
acid), RlsA to the K-zone (low acid) and RsA to the S-zone (high acid). 59 
Calcination temperatures ≥ 550°C completely removed organic matter from the 60 
straw and ashes underwent significant sinterisation by calcining at 650ºC due to 61 
the presence of potassium chloride. Here, ashes from global straw (rice straw 62 
ash, RSA) are characterised (via X-ray diffraction, Fourier transform infrared 63 
spectroscopy and thermogravimetry) and tested from a reactivity point of view 64 
(reaction towards calcium hydroxide) in order to assess the possibility for its 65 
reuse in cementing systems. Results from pastes made by mixing RSA and 66 
calcium hydroxide showed that the pozzolanic reactivity of the ashes is 67 
important (hydrated lime fixation of 82% for 7 days and 87% for 28 days in 68 
RSA:hydrated lime paste) and cementing C-S-H gel is formed after 7 and 28 69 
days at room temperature. Compressive strength development of Portland 70 
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cement mortars with 10% and 25% replacements by RSA yielded 107% and 71 
98% of the strength of control mortar after 28 days of curing. Frattini test 72 
confirmed the pozzolanicity of the RSA blended cements. These reactivity 73 
results are very promising in terms of the potential reuse of ashes in cementing 74 
systems. 75 
 76 
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1. Introduction  81 
Agricultural wastes are commonly assessed as biomass sources for energy 82 
purposes. They can be classified in three groups: energy crops, food production 83 
wastes and agricultural wastes (Titiloye et al., 2013). Agricultural wastes are 84 
usually composed of straws (leaves and stems) and fruit-shells. Some 85 
industrially derived agricultural wastes also include bagasse, cobs, seeds, pods 86 
and husks. Huge amounts of these wastes are available and the selection and 87 
appropriate treatments of them could provide building and infrastructure 88 
materials. 89 
 90 
One of the most important challenges related to the production of building 91 
materials is focused on their environmental impact (ecological footprint, carbon 92 
footprint), mainly on the production of inorganic binders, such as ordinary 93 
Portland cement OPC (Barceló et al., 2014). It is well known than the production 94 
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of OPC is a very intensive process both in terms of energy and raw materials. 95 
About 5% of total worldwide anthropogenic CO2 emissions are generated from 96 
the manufacture of OPC-based cement products (Worrell et al., 2001). Cement 97 
production has rapidly increased over the last few decades and reached annual 98 
production of 4.3 billion tonnes in 2014 (CEMBUREAU, 2014). Since 1990, the 99 
blending compositions of cements have changed significantly (Schneider et al., 100 
2011), which has involved a reduction in clinker content (also named the Clinker 101 
factor, CF). The CF value in 2003 was 0.85, whereas in 2010 it was 0.77; the 102 
prediction for 2050 is for it to be 0.71 (WBCSD, 2009). This reduction in CF was 103 
due to the use of supplementary cementing materials (SCMs). Traditionally 104 
(Siddique and Khan, 2011), wastes from industrial activities are blended with 105 
Portland cement clinker: ground granulated blast furnace slag, coal fly ash and 106 
silica fumes. The first ash from agricultural biomass used in cement or concrete 107 
was rice husk ash (RHA) (Mehta, 1983). Utilisation of ashes will contribute to 108 
the sustainability of biomass for power generation. Valorisation of bottom ashes, 109 
fly ashes and fluidised bed ashes can be carried out by bulk optimisation 110 
options: fertiliser and soil amendment, component of building materials or, in the 111 
case of carbon-rich ashes, reuse as fuel (Pels and Sarabèr, 2011). 112 
 113 
Over the last few decades, greater interest on the development of new SCM 114 
derived from agricultural wastes (biomass) is observed in the scientific 115 
literature; although the commercialisation of agricultural waste ashes (AWA) 116 
and its application in building materials is still scarce (Aprianti et al., 2015). 117 
Moreover, in the last years interest has increased regarding the reuse of some 118 
biomass-derived ashes in geopolymers (alkali activated materials) to partially 119 
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replace the inorganic precursor (Moraes et al., 2016) or totally replace the 120 
sodium silicate in the alkaline activator (Bouzón et al., 2014). In both cases, 121 
reactive silica in the ashes plays an important role for the development of high-122 
performance geopolymers. 123 
 124 
The main basis for the valorisation of these AWA lies in the fact that they 125 
contain high amounts of silica. This silica is a basic component required for a 126 
pozzolanic reaction. This reaction consists of the acid-base reaction between 127 
calcium hydroxide (portlandite, when produced from hydration of Portland 128 
cement) and silicon oxide (silica): 129 
 130 
Ca(OH)2 + SiO2  → C − S − H (gel) 131 
 132 
The chemical reaction yields calcium silicate hydrate gel (C-S-H), which has 133 
cementing properties. When a SCM presents this behaviour, it is termed a 134 
pozzolan and it presents pozzolanic properties. The presence of silica in ash is 135 
a necessary factor for a pozzolanic reaction, although it is not the only required 136 
factor: a small size of ash particle (high specific surface area) and amorphous 137 
state (not crystalline phase) are also required. In some cases, amorphous 138 
alumina is also involved in the pozzolanic process. 139 
 140 
Over the last few years, interest has increased regarding the study the 141 
valorisation of AWA (Vassilev et al., 2013; Pels and Sarabèr, 2011), specifically 142 
on the addition of AWA to cements (blended Portland cements, alkali-activated 143 
cements) and concrete for the following reasons: (a) biomass is produced 144 
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worldwide in huge amounts and frequently its management is very complicated; 145 
(b) valorisation as livestock food, fertiliser, cellulosic-based derived materials 146 
(fibres, boards) are not always available or are not economically viable; (c) 147 
energetic valorisation of biomass gained interest as a substitute for fossil fuels 148 
since it is technically viable worldwide; (d) the transformation of biomass into 149 
AWA is an CO2 neutral process because the carbon released to the 150 
atmosphere during combustion was recently fixed by photosynthesis; (e) the 151 
ashes could show pozzolanic properties and be then valorised in building 152 
materials and (f) the construction industry has the capacity to take in these 153 
ashes due to its large requirements in terms of raw materials.  154 
 155 
Recently, some advances in the application of new AWA in cementing systems 156 
were reported, including: ashes from banana leafs (Musa sp., Kanning et al., 157 
2014), switchgrass (Panicum virgatum) (Wang et al., 2014), elephant grass 158 
(Pennisetum purpureum, Cordeiro and Sales, 2015), bamboo leaf (Bambusa 159 
sp., Frías et al., 2012), sugarcane straw (Saccharum officinarum, Moraes et al., 160 
2015), barley straw (Hordeum vulgare, Cobreros et al., 2015) and plane tree 161 
(Platanus sp., Binici et al., 2008).  162 
 163 
Rice straw is an agricultural waste that has some management problems: field 164 
firing causes severe air pollution and natural organic decomposition favours 165 
methane emission (Yuan et al., 2014). This last process has a potent 166 
environmental effect in terms of greenhouse gas emission, as the global 167 
warming potential of methane is much higher than that of CO2: 25-times more 168 
for a 100 year horizon and 72-times more for 20 year horizon (IPCC, 2007). 169 
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Thus, it is crucial to valorise this waste as rice production accounts for 5–10% of 170 
worldwide methane emissions. Huge amounts of rice straw are produced 171 
worldwide, considering that 1–1.5 kg of straw is generated for every 1 kg of 172 
paddy rice (Binod et al., 2010). The worldwide production of rice straw was 731 173 
million tonnes in 2008 (Abdel-Rahman et al., 2015) and Asia was the major 174 
producer, generating 620 million tons of the straw (IRRI, 2016). However, 175 
scarce research exists on the characterisation of ashes from rice straw ash 176 
(RSA) and their potential applications. An interesting approach for obtaining 177 
pure silica from rice straw by a sono-assisted sulphuric acid process was 178 
reported (Rehman et al., 2013) and Abou-Sekkina et al. (2010) studied three 179 
samples of RSA from Egypt and concluded that the silica content was 65% by 180 
mass and that no crystalline phases were identified. Ataie et al. (2015) prepared 181 
ashes from rice straw and wheat straw after previous treatment with 182 
hydrochloric acid and further calcination at 650ºC and 500ºC. 183 
 184 
It is well-known that silicon is an element absorbed by the roots of plants in the 185 
form of silicic acid, which is transported through the vascular system and 186 
deposited in the form of opal or hydrated amorphous silica (SiO2.nH2O). This 187 
silica compound is deposited in: (a) the cellular walls; (b) the interior of the cells 188 
(lumen); (c) epidermal appendages (trichomes) and (d) the intercellular spaces 189 
in stems and leaves (Prychid et al., 2003). This precipitation process of silica is 190 
irreversible (Epstein, 1999): in the three first cases a silica particle replicates the 191 
shape of the cellular structure, while for the fourth case no relationship between 192 
silica deposit shape and the intercellular space is obtained. 193 
 194 
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Monocot plants accumulate silica (> 3 mg of Si per g of dried matter), mainly 195 
plants belonging to Poaceae family: rice (Oryza sativa) and sugarcane 196 
(Saccharum officinarum) (Ma and Yamaji, 2006). Epidermal tissues in Poaceae 197 
species present particular characteristics that are used in taxonomy. Some 198 
taxonomic classifications are based on these cellular dispositions: siliceous 199 
cells (phytoliths), suberous cells and trichomes. Phytoliths are solid deposits in 200 
which silica is the main component. Their size (typically 10–20 microns) and 201 
their shape vary significantly depending on the plant. The following main 202 
morphotypes are described: dumbbells, saddle and cross; also intermediate 203 
shapes can be found (Wilding and Drees, 1971; Piperno, 2006). 204 
 205 
In the rice plant, the silica is highly concentrated in the husk (more than 20% by 206 
mass of dried husk). Leaves (formed by leaf blades and leaf sheaths) also are 207 
silica-rich parts and contain 13% and 12% silica, respectively. Finally, roots 208 
store less silica (2%) (Anala and Nambisan, 2015).  209 
 210 
The goal of this paper is to characterise different parts of the rice plant (Oryza 211 
sativa) by means of the identification and analysis of the distribution of chemical 212 
elements present in the ash (energy dispersive x-ray spectroscopy, EDS) 213 
assessed in terms of the obtained spodogram (optical and field emission 214 
scanning electron microscopy), crystalline pattern (X-ray powder diffraction, 215 
XRD) and reactivity towards calcium hydroxide (pozzolanic reactivity, reaction 216 
products characterisation and hydrated lime fixation) and towards ordinary 217 




2. Materials and methods 221 
Rice straw samples (leaf blade, leaf sheath and stem) were collected in 222 
L´Albufera (Valencia, Spain). These samples were stored at 4°C in sealed 223 
plastic bags until they were used for the analyses.  224 
Fresh rice straw samples were washed thoroughly to remove residual soil 225 
contamination. One squared centimetre sections were prepared by cutting and 226 
paradermal lamellae 40 microns thick were prepared using a freezing 227 
microtome (Jung AG). These cuts were clarified with a 50% sodium 228 
hypochlorite solution and then washed several times with distilled water. Small 229 
pieces of rice leaves were heated at 105°C for 24 hours in a laboratory oven 230 
(Memmert UN model) for the studies on dried samples. For studies on calcined 231 
samples, fresh pieces of leaf blade, leaf sheath and stem were calcined for 1 232 
hour at different selected temperatures (450, 550 and 650°C) in a muffle 233 
furnace (Carbolite RHF model 1500). The obtained ashes were: rice leaf ash 234 
(RLA), rice leaf sheath ash (RlsA) and rice stem ash (RsA). Furthermore, large 235 
samples (20 g) of rice straw were calcined at the same temperatures as above 236 
to obtain ashes (RSA), which were used for reactivity studies. 237 
For optical microscopy (OM) studies the cuts of fresh material, once clarified, 238 
were stained with safranin-light green, dehydrated and mounted using a 239 
synthetic mix of resins (Eukit, Mounting medium for microscope preparation) for 240 
observation under a light microscope (Olympus PM-10AK3).  241 
For the field emission scanning electron microscopy (FESEM) selected samples 242 
(dried rice leaves and ashes) were studied using a ZEISS ULTRA 55 243 
microscope. Samples were studied at 1 kV and at a working distance of 3–5 244 
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mm. Samples for chemical microanalysis (EDS) were not covered and were 245 
studied at 15 kV at working distance of 5–7mm.  246 
 247 
For reactivity studies, the following equipment was used: Thermogravimetric 248 
analysis was performed using a Mettler-Toledo TGA850 instrument. Analysis 249 
performed on ashes was carried out in a temperature range of 35–1000ºC at a 250 
heating rate of 20ºC.min-1 in a dried air atmosphere (75 mL.min-1 gas flow) in 70 251 
µL alumina crucibles. Analysis performed on ash:calcium hydroxide pastes was 252 
carried out in a temperature range of 35–600ºC at a heating rate of 10ºC.min-1 253 
in a nitrogen atmosphere (75 mL.min-1 gas flow) in sealed 100 μL pin-holed 254 
aluminium crucibles. Fourier transform infrared spectroscopy (FTIR) was 255 
performed using a Bruker TENSOR 27 in the wavenumber range between 400 256 
and 4000 cm-1. XRD patterns were obtained by a Bruker AXS D8 Advance with 257 
a voltage of 40 kV, current intensity of 20 mA and a Bragg’s angle (2θ) in the 258 
range of 10–60º. 259 
EDS chemical composition results were submitted to variance analysis 260 
(ANOVA) with significant values at P < 0.05. Data analysis was performed using 261 
Statgraphics Centurion XVI.II. 262 
Mortars were prepared according to UNE-EN 196-1 standard: water/cement 263 
ratio was 0.5 and sand/cement ratio was 3. Prismatic specimens (40x40x160 264 
mm) were cast, and after demoulding they were cured under water for 7 and 28 265 
days. Control mortar was prepared by using ordinary Portland cement (OPC), 266 
Spanish cement CEM I-52.5R. RSA containing mortars were prepared by 267 
replacing 10% and 25% of OPC by RSA. The ash was previously ground and its 268 
mean particle diameter was 13 µm. Compressive strength values of mortars 269 
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were obtained by means a universal testing machine according to UNE-EN 196-270 




3. Results and discussion 275 
The rice straw is a mixture of different parts of the rice plant and usually 276 
contains leaf blades, leaf sheaths and stems. The easiest part to study using 277 
microscopy is the leaf blade, as it is thinner (from hereon in, we refer to leaf 278 
blade as ‘leaf’). When calcining leaf, the spodogram is maintained and different 279 
parts of the cells and structures can be identified. This is why the first analyses 280 
were conducted on the rice leaf and the ashes obtained after the various 281 
temperature treatments. Ashes obtained from leaf sheaths and stems will be 282 
discussed later in the manuscript. Finally, an approach to reactivity studies from 283 
the pozzolanic point of view will be discussed using ash produced from a 284 
mixture of the different parts in the straw. 285 
3.1 Microscopic studies on fresh leaves 286 
Optical microscopy studies on fresh rice leaves were carried out in order to 287 
understand the character of cells in the tissue. The upper (adaxial) and the 288 
lower leaf surfaces (abaxial) were analysed. In the adaxial surface image 289 
(Fig.1a) trichomes and phytoliths were easily identified. The phytolits showed a 290 
bilobated shape and the major axis of the phytoliths was perpendicular (Fig.1b) 291 
to the longitudinal axis of the leaf (bambusoide dermotype (Prat, 1936)). 292 
Phytoliths are arranged short distances from each other and among them 293 
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suberous cells are disposed. Elongated epidermal cells and stomata are 294 
displayed surrounding the aligned phytoliths and suberous cells. 295 
 296 
INSERT Fig. 1.  297 
 298 
3.2 Microscopic studies on dried leaves 299 
Some leaves were dried at 105°C for FESEM studies (Fig. 2). In these 300 
conditions, free water was released and organic and inorganic structures were 301 
maintained in their original arrangements. Both surfaces (Fig. 2a and 2b: 302 
adaxial; Fig. 2c and 2d, abaxial) presented the same type of epidermal cells and 303 
structures. After the drying process, the shape of phytoliths was revealed: some 304 
of them seemed to be dumbbell shape (Fig. 2b and 2d). Apparently, the shape 305 
of phytoliths is not homogeneous within the leaf (some appear as a cross 306 
shape). Stomata appeared aligned in parallel to the phytoliths arrangement. 307 
Abaxial surface showed a wavier form. 308 
 309 
INSERT Fig. 2.  310 
 311 
3.3 Microscopies studies on calcined leaves 312 
Calcination of leaves was carried out to remove organic components. Thus, the 313 
spodogram (structural residue resulting from the removal of organic matter by 314 
burning, which maintains the leaf’s structure) was clearly observed. Samples of 315 
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leaves were calcined at different temperatures, 450, 550, 600 and 650°C, for 1 316 
hour. Then, they were studied by FESEM. Samples obtained at 450, 550 and 317 
650°C were also assessed by EDS. 318 
 319 
Figure 3 shows some micrographs corresponding to samples calcined at 450°C. 320 
It can be noted than some parts of the leaf maintained a similar structure to the 321 
dried samples: the spodogram at 450°C maintained the original arrangement. 322 
Thus, aligned phytoliths are surrounded with an inorganic matrix (Fig. 3a and 323 
3b) and stomata are arranged parallel to phytoliths (Fig. 3a). However, the 324 
original structure is not maintained for other parts of the leaf, as can be seen in 325 
Figure 3c. Only phytolith chains were unaltered. In Figure 3d, a detailed view of 326 
some phytoliths is shown, in which their dumbbell shape is highlighted. The 327 
removal of organic matter rendered the real shape for the phytoliths. Some EDS 328 
analysis (spots) were carried out in order to compare the chemical composition 329 
of the ashes. Table 1 summarises the chemical composition (in oxide form, by 330 
mass) for four selected spots (two phytoliths and two matrix spots). It is very 331 
noticeable that phytoliths are mainly formed of SiO2 and K2O (more than 90%) 332 
and the surrounding matrix presents more elements in significant percentages: 333 
Cl, P2O5, SO3, CaO and MgO. SiO2 in the matrix was less than half that value 334 
found in phytoliths, while K2O increased by twofold. These results reflect the 335 
heterogeneity in the disposition of inorganic elements in the ash. Thus, 336 
recording 15 EDS signals from 10000 µm2 areas, on both abaxial and adaxial 337 
surfaces, carried out a general analysis. The mean composition results are 338 
summarised in Table 2. Chemical compositions of each area analysed were 339 
different and this behaviour is reflected in the standard deviation values for 340 
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oxide contents. The mean values for the main oxides were: 38.0% and 43.4% 341 
SiO2 for adaxial and abaxial surfaces and 28.1% and 27.0% for K2O. From the 342 
statistical analysis (comparison of mean values from two populations, that is 343 
adaxial and abaxial surfaces), it can be concluded that all compound contents 344 
are not significantly different, except for chloride and Na2O (P < 0.05).  345 
INSERT TABLE 1 346 
INSERT TABLE 2 347 
INSERT Fig. 3.  348 
 349 
The chemical composition of the RLA was similar to that found for sugarcane 350 
leaf ash (SLA) calcined at the same temperature (Roselló et al., 2015). In this 351 
case, the SiO2 content was higher (mean value of 40.7% for RLA versus 30.0% 352 
for SLA); K2O content was similar (27.5% vs 29.0%, respectively). The most 353 
important difference is in the chloride content, which was much lower for RLA 354 
than in SLA (1.0% vs 4.0%, respectively). This fact becomes crucial for 355 
applications in cements and concrete (Angst et al., 2009) because the presence 356 
of chloride ions favours the corrosion of steel in reinforced concrete; thus, RLA 357 
will be better in terms of corrosion behaviour. Regarding other elements, RLA 358 
presented lower contents of alkaline earth oxides (CaO and MgO) and higher in 359 
P2O5. The SO3 contents were similar for both RLA and SLA. 360 
Vassilev et al (2010) proposed a classification of biomass ashes according to 361 
the chemical composition (Fig. 4). Thus, they designed a ternary diagram in 362 
which the corners were occupied by the sum of selected oxide contents: (a) the 363 
sum of silicon, aluminium, iron, sodium and titanium oxides (this will be referred 364 
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to as σ in this manuscript ); (b) the sum of calcium, magnesium and manganese 365 
oxides (τ) and (c) the sum of potassium, phosphorus, sulphur and chlorine 366 
oxides (κ). In this way, seven zones were defined, depending on the proportion 367 
of these groups of oxides in the ash. Rice husk ash (RHA) is a typically 368 
siliceous ash, with very low content of other oxides and consequently is 369 
represented in the S-type ash zone. Bamboo leaf ash (BLA) is also located in 370 
the S-type zone, as it has similar composition, although it is richer in potassium. 371 
Biomass ashes from herbaceous and agricultural grass, straw and residues are 372 
located in K-type and K-MA-type zones. This is the case of RLA, which is 373 
located in K-MA zone: σ = 51.2%, τ = 11.1%, κ = 47.7%. Very close but in K-374 
type zone, is located SLA (from Roselló et al., 2015: σ =  30.3%, τ = 24.4%, κ = 375 
45.4%). 376 
 377 
INSERT Fig. 4.  378 
 379 
In Figure 5 the spodogram of the adaxial surface for RLA obtained at 550°C is 380 
observed. Some line-arranged dumbbell phytoliths were identified (Fig. 5a) 381 
surrounded by a smooth inorganic matrix. Interestingly, when the images are 382 
magnified (Figs. 5b, 5c and 5d), one can see that the phytholiths have rounded 383 
edges (compare to Fig. 3d) and some of them are connected along certain 384 
sides. Apparently, this deformation is related to a semi-fusion or sinterisation 385 
process carried out during the calcination.  386 
The same behaviour was observed for the abaxial surface (Fig. 6). In Figure 6a 387 
and 6b a double chain of phytoliths corresponding to the longitudinal centre of 388 
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the leaf (midrib, the central vein of the leaf) is shown. Figure 6c shows highly 389 
altered phytoliths, probably due to a focalised high temperature during 390 
calcination. In Figure 6d, a picture of the inorganic matrix after organic matter 391 
removal is shown: in this case, more rounded structures are observed 392 
compared to the matrix depicted in Figure 3d. 393 
 394 
INSERT Fig. 5.  395 
 396 
INSERT Fig. 6.  397 
 398 
The melting point of ashes depends on the percentage of inorganic elements 399 
(Biedermann, et al., 2015). Thus, high percentages of alkalis (Na, K) and 400 
chlorides result in a decrease in melting temperatures; on the contrary, 401 
presence of alkaline earth elements (Ca, Mg) increasing it. In general, straw 402 
ashes with low Ca content and high K and Si contents start to sinter and melt at 403 
lower temperatures than wood ashes (which are richer in Ca) (Biedermann, et 404 
al., 2015). Potassium is the key element that participates in the formation of 405 
troublesome species (e.g., formation of potassium salts, such as KCl and 406 
K2SO4). The K2O-SiO2 binary system starts to melt in the range of 600–700°C 407 
(Wang et al., 2012). Despite the temperature furnace being 550ºC, 408 
temperatures on the surface of the materials were probably higher as the 409 
combustion of organic matter released a significant quantity of heat. In these 410 
conditions, the temperature close to the sample was certainly higher than 411 
600°C. This is the reason why all remaining structures after burning at 550°C 412 
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appeared rounded. Furthermore, the matrix surrounding the phytoliths was 413 
affected: in this case, the presence of Ca and Mg did not prevent the 414 
sintering/melting process, as can be seen in Figure 6d for the matrix in the 415 
abaxial surface of rice leaf burned at 550°C. This behaviour supports the 416 
relationship between initial deformation temperature (IDT) and the K2O content 417 
observed for biomass ashes, whereby IDT lowered when K2O increased (Niu et 418 
al., 2010). 419 
 420 
INSERT Fig. 7.  421 
 422 
The chemical composition of RLA calcined at 550°C was also determined by 423 
EDS (eight individual analyses were carried out). Mean values are given in 424 
Table 2. In this case, statistical analysis shown that there are differences (P < 425 
0.05) in Cl, CaO, MgO and SO3 contents when compared with sample prepared 426 
at 450°C. 427 
RLA samples also were obtained by calcining the straw at 600 and 650°C. 428 
Figure 7 shows selected FESEM micrographs. Phytoliths in Figure 7a, 7b and 429 
7c showed that spodograms of ashes calcined at 600°C appeared slightly 430 
sintered. In samples obtained at 650°C, the sinterisation effect is highlighted: 431 
many phytoliths changed from their original shape to rounded dumbbell shape 432 
(Fig. 7d), spheroidal structures (Fig. 7e) or to produce a continuous line through 433 
the merging of phytoliths (Fig. 7f). 434 
EDS analyses were performed on samples obtained at 650°C. The calculated 435 
chemical compositions did not vary significantly with respect to those obtained 436 
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at lower temperatures, except for chloride content. These analyses yield 437 
chloride contents in the range 0.15–0.04%. This means that there was a 438 
removal of chlorides during treatment at this temperature. Probably, the chlorine 439 
was removed in the form of potassium chloride by volatilisation due to the low 440 
melting point of this salt (776°C). 441 
 442 
3.4 Microscopic studies on rice leaf sheath and rice stem ashes 443 
Samples of leaf sheath (ls) and stem (s) were calcined at 450°C. FESEM 444 
micrographs of the obtained ashes (RlsA and RsA, respectively) are showed in 445 
Figure 8. External parts (Figs. 8a and 8c) showed phytoliths and similar texture 446 
to that of leaf blades described above. However, internal structures (Figs. 8b 447 
and 8d) were different and a very porous skeleton was identified. Chemical 448 
analysis (EDS) of the ashes was conducted in order to compare the 449 
percentages of the main oxides. Values are summarised in Table 3. Statistical 450 
analysis showed that the chemical compositions for RLA and RlsA are different 451 
(P < 0.05) for all oxides, except for SiO2. The SiO2 content was higher for the 452 
external part of the leaf sheath (37.7%) than for the internal part (23.3%), 453 
although the difference is not statistically significant. Significant differences (P < 454 
0.05) were only found for K2O, SO3 and Na2O. Interestingly, K2O and chloride 455 
contents were higher for RlsA than RLA: chloride content was more than five 456 
times greater in RlsA. In the Vassilev´s ternary diagram (see Fig. 4), RlsA 457 
belongs to K-zone (σ = 32.6%, τ = 4.2%, κ = 63.2%).  458 
On the contrary RsA showed a high percentage of SiO2 (mean value 84.3%). 459 
Obviously, the rest of components were low, especially chloride, which scarcely 460 
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reached 0.1%. From a statistical point of view, there is a significant difference 461 
(P < 0.05) between all oxides, except CaO and Na2O, with respect to the RLA. 462 
Thus, the position of RLA in the Vassilev´s diagram (See Fig 4a) is in the S-463 
zone: σ = 84.7%, τ = 8.7%, κ = 6.6%. 464 
 465 
INSERT TABLE 3 466 
INSERT Fig. 8.  467 
 468 
 469 
3.5 Reactivity studies on rice straw ashes 470 
In general terms, rice straw collected from the field is composed of leafs, stems 471 
and leaf sheaths; additionally, is very common that some soil particles (sand, 472 
clays, feldspar) appear together the biomass. In this study, a sample of rice 473 
straw was collected and calcined in order to analyse the pozzolanic properties 474 
of the ash. Three calcining temperatures (450°C, 550°C and 650°C) were 475 
selected for producing the corresponding ashes (RSA-450, RSA-550, RSA-476 
650). 477 
These samples were characterised by means of thermogravimetry (TG), FTIR 478 
and powder XRD. 479 
The thermogravimetric analysis curve (Fig. 9) for RSA-450 showed that 480 
decomposition of the organic matter/carbon was not completed at 450°C, 481 
although there was a mass loss (6.92%) in the 350–650°C range. Also a mass 482 
loss was beginning at 900°C, which is related to the fusion/evaporation of 483 
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potassium sulphate (pure K2SO4 melts at 1069°C). Conversely, the sample 484 
obtained at 550°C did not show (Fig. 9) any significant mass loss related to 485 
organic matter/carbon, which means that this temperature is enough for 486 
removing organic compounds in rice straw; RSA-550°C also shows a similar 487 
initiation of mass loss at 900°C.  488 
FTIR spectra for these ashes are depicted in Figure 10. The main absorption 489 
bands are related to Si-O vibrations, in accordance with the siliceous nature of 490 
the ashes. The most intense bands are 1056 – 1035, 795 – 785, 617 and 453 491 
cm-1. Also, absorption bands related to the presence of carbonate anions 492 
(probably due to the presence of calcium carbonate) are observed: 1411–1406 493 
and 877 cm-1. These C-O bands disappeared for RSA-650, suggesting that the 494 
small amount of carbonate present in the ash is decomposed (decarbonation) at 495 
650°C. 496 
INSERT Fig. 9.  497 
 498 
 499 
INSERT Fig. 10.  500 
 501 
Finally, in order to complete the characterisation of the ashes, XRD patterns 502 
were collected (Fig. 11). Significant major peaks (28.4º and 40.6º) are related to 503 
the presence of sylvite (KCl, PDFcard 411476). This crystalline compound is 504 
easily identified because solid phases in ashes are mainly amorphous in nature. 505 
The baseline deviation in the range 2θ = 15–30° is representative of amorphous 506 
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silica. Some traces of quartz (SiO2, PDFcard 331161) are probably due to soil 507 
contamination of the rice straw. Interestingly, there was no evidence of the 508 
formation of cristobalite or trydimite. This means that conversion of the straw 509 
into ashes at a temperature in the 450–650ºC range, does not achieve the 510 
crystallisation of amorphous silica. This behaviour has an important 511 
consequence because the pozzolanic reactivity of ashes depends on the silica 512 
phases: crystalline phases do not react easily towards calcium hydroxide (CH), 513 
whereas amorphous silica reacts at room temperature in wet conditions. 514 
Secondary minerals are also present in the ashes: arcanite (K2SO4, PDFcard 515 
050613) and calcite (CaCO3, PDFcard 050586). The peaks corresponding to 516 
calcite have less intensity in the RSA-650 sample, confirming the decomposition 517 
of the carbonated mineral at this temperature, as suggested from FTIR results. 518 
 519 
INSERT Fig. 11.  520 
 521 
In order to quantify the reactivity of RSA samples, selected mixtures with 522 
calcium hydroxide (Ca(OH)2, CH) were prepared and hydrated. Pastes with 523 
RSA-450 and RSA-550, prepared with a RSA:CH (1:1) mass ratio were 524 
characterised by thermogravimetry (after 7 and 28 days hydration). Derivative 525 
thermogravimetric curves (DTG) of RSA-450 pastes are depicted in Fig. 12. In 526 
both DTG curves (7 and 28 days), a peak centred at about 150°C was present, 527 
related to the dehydration process of calcium silicate hydrate (C-S-H). This 528 
compound is typically produced as consequence of the pozzolanic reaction 529 
between amorphous silica and CH. Also, a peak appeared at 450°C related to 530 
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the decomposition of the small amount of remaining (Ca(OH)2). The total mass 531 
loss for the temperature range of 35–600°C was very high: 16.09% for 7 days 532 
and 15.47% for 28 days; conversely, the mass loss attributed to CH was very 533 
low (2.15 and 1.63%, respectively). These data revealed that the pozzolanic 534 
reaction was fast and that most of the reaction products were produced in the 535 
first 7 days of hydration. This behaviour implies the amorphous nature of the 536 
silica present in the ash. The total amount of CH fixed by the RSA-450 ash was 537 
very high: 82% for 7 days and 87% for 28 days. Similar results were found for 538 
RSA-550, suggesting that both calcining temperatures yielded excellent reactive 539 
ashes. 540 
 541 
INSERT Fig. 12.  542 
 543 
RSA-650 reactivity was also assessed by means of the reactivity towards 544 
calcium hydroxide in a RSA:CH (3:7) ratio. In this case, with respect to the 545 
above-mentioned pastes, the relative amount of CH is much higher (70%). In 546 
these conditions, this reagent was in high excess and will be not totally 547 
consumed, as can be seen in the TG curves for 7 and 28 days of curing 548 
depicted Figure 13. In these curves, a mass loss in the range 540–580°C 549 
corresponding to the decomposition of Ca(OH)2 was observed. From the 550 
corresponding calculated mass losses for both curing ages, it can be stated that 551 
40% and 54%, respectively, of the Ca(OH)2 was chemically combined in the 552 
reaction. In the TG curve, mass loss related to the dehydration of C-S-H gel 553 




INSERT Fig. 13. 557 
 558 
These pastes also were characterised by means XRD. In Figure 14, XRD 559 
patterns for 1:1 RSA-450:CH paste and 3:7 RSA-650:CH paste, both cured at 560 
room temperature for 28 days, are shown. Firstly, for the paste with the lowest 561 
CH proportion (1:1 paste), it may be noticed that the baseline deviation, which 562 
occurred in the ash (see Fig. 11), practically disappeared and the baseline 563 
deviation moved to a higher diffraction angle range (2θ = 27–33°). This was due 564 
to the transformation of the amorphous silica to C-S-H gel as a consequence of 565 
the pozzolanic reaction. The most intense and broad peak was found at 2θ = 566 
29.9°, which corresponds to the tobermoritic phase (Ca5Si6O16(OH)2•4(H2O)) 567 
and this peak overlapped the main peak of calcite (which was present in the ash 568 
and also as an impurity in the calcium hydroxide used as reagent for the paste 569 
preparation). Furthermore, peaks belonging to sylvite and arcanite were easily 570 
identified. Additionally, main peaks from the portlandite (Ca(OH)2, 571 
PDFcard040733) also are shown: these peaks were of low intensity, 572 
demonstrating the low remaining quantity of portlandite in the paste after 28 573 
days of curing. These results corroborate those from the thermogravimetric 574 
studies and confirm the high reactivity of the ash towards CH in the pozzolanic 575 
process. For the paste with the highest CH proportion (3:7 paste) and because 576 
important part of the calcium hydroxide remained unreacted after 28 days of 577 
curing (assessed by thermogravimetric analysis), the most intense peaks 578 
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observed (Fig. 14) belonging to portlandite. Also, calcite was identified as the 579 
main crystalline component because of its presence in the CH reagent. Sylvite 580 
and arcanite were not observed due to the intensity of the portlandite peaks. For 581 
the same reason the tobermoritic phase was also difficult to observe. 582 
 583 
INSERT Fig. 14.  584 
 585 
Reactivity of RSA was also assessed by means compressive strength of 586 
mortars and pozzolanicity test (Fratini). Blended cements by mixing OPC and 587 
RSA were prepared: 10% and 25% replacement percentages of RSA were 588 
tested. Results from the Frattini test obtained after 8 days of reaction at 40ºC 589 
are showed in Fig. 15. It can be noticed that the points corresponding to RSA 590 
containing blends are below the saturation curve. This behaviour confirms the 591 
pozzolanic reactivity of the ash. 592 
Mortars cured after 7 and 28 days of curing were tested in compression (six 593 
values for each cement and for each curing time). Compressive strengths are 594 
summarized in Table 4. Mortar with 10% RSA reached 98.4% of the strength 595 
found for OPC control after 7 days, and 107.1% after 28 days; and mortar with 596 
25% RSA reached 83.3% at 7 days and 98.4% after 28 days. All these results 597 
confirmed the high pozzolanic reactivity of RSA and the strong contribution of 598 
this type of reactivity on the strength development of mortars. 599 
 600 
INSERT Fig. 15 601 
 25 
INSERT Table 4. 602 
 603 
4. Conclusions 604 
RSA is characterised from microscopic, chemical composition and reactivity 605 
point of views. Different parts of the rice straw have different chemical 606 
compositions when transformed to ashes: rice leaf ash (RLA), rice leaf sheath 607 
ash (RlsA) and rice stem ash (RsA).  608 
Microscopic studies (optical and FESEM) revealed heterogeneity in the 609 
distribution of chemical elements in ashes according to the cellular structure 610 
remaining after organic matter removal (spodograms). The highest 611 
concentration of SiO2 was found for dumbbell shape phytoliths. In the global 612 
chemical composition of ashes, SiO2 was the main oxide present and K2O was 613 
the second main oxide for RLA and RlsA, whereas CaO was the second most 614 
abundant for RsA. 615 
RLA presented a mean chemical composition with 40.7% SiO2 and 27.5% K2O. 616 
Also chloride content was relatively high (1.0% by mass). According to 617 
Vassilev´s classification, this ash belongs to the K-MA zone (medium acid). 618 
These ashes suffer significant sinterisation at 650°C due to the presence of 619 
potassium chloride. RlsA was classified accordingly to Vassilev`s in the K-zone 620 
(low acid) because of its low SiO2 content and high K2O percentage. Noticeably, 621 
chloride content found for this ash was five-times greater than that found for 622 
RLA. RsA presented a very high SiO2 percentage (84.3%) and it was classified 623 
in the S-zone (high acid). 624 
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RSA was tested from the reactivity point of view in order to assess the 625 
possibilities for its reuse in cementing systems. Results from pastes made by 626 
mixing RSA and calcium hydroxide showed that the pozzolanic reactivity of the 627 
ashes is important and cementing C-S-H gel is formed after 7 and 28 days at 628 
room temperature. This reactivity was due to the amorphous nature of the silica 629 
(SiO2) in the ash. RSA:CH (1:1) pastes showed a fixation of 85% of available 630 
calcium hydroxide and (3:7) pastes a fixation of 54%. OPC-RSA blended 631 
cements showed a good performance in terms of compressive strength 632 
development, and 107% and 98% of the strength for the control mortar was 633 
achieved after 28 of curing for 10% and 25% RSA replacement percentages. 634 
These reactivity results are very promising for the reuse of ashes from this 635 
biomass (rice straw) in cementing systems, e.g., as pozzolanic supplementary 636 
materials in Portland cement or also as silica-based supplementary precursor 637 
for geopolymers (alkali activated materials). 638 
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Table 1. Spot chemical compositions (EDS, % by mass) for rice leaf ash obtained at 450°C (spots 841 
identified in Fig. 3). 842 
 843 
 844 
  845 
Spot analysis SiO2 K2O Cl CaO MgO P2O5 SO3 Na2O 
phytolith 1 (Fig 3a) 86.2 8.4 1.0 0.1 0.8 1.6 0.7 1.3 
matrix 1 (Fig 3a) 40.0 23.8 6.7 4.0 4.6 12.8 6.0 2.2 
phytolit 2 (Fig 3b) 78.2 11.8 1.9 1.2 1.2 1.7 2.0 2.0 
matrix 2 (Fig 3b) 25.8 27.4 5.8 11.3 6.7 10.3 10.8 2.0 
 36 
 846 
Table 2. Mean values of chemical composition for RLA (adaxial, abaxial and both zones) obtained 847 
at 450°C and 550°C. Values were calculated from EDS analysis on 115 µm × 85 µm area. (Std. 848 
Dev = standard deviation; Max = maximum recorded value; Min = minimum recorded value) 849 




Mean value 38.0 28.1 1.2 6.2 5.9 13.6 6.5 0.6 
Std. Dev. 13.4 5.6 0.3 2.0 2.1 5.2 1.6 0.2 
Max. 62.5 37.2 1.6 9.0 10.7 24.2 9.3 1.2 




Mean value 43.4 27.0 0.8 5.7 4.5 12.2 5.9 0.4 
Std. Dev. 14.4 5.5 0.3 1.7 1.4 4.5 1.7 0.1 
Max. 62.4 38.6 1.5 8.2 7.2 22.7 8.7 0.7 




Mean value 40.7 27.5 1.0 6.0 5.2 12.9 6.2 0.5 
Std. Dev. 14.0 5.5 0.3 1.8 1.9 4.8 1.6 0.2 
Max. 62.5 38.6 1.6 9.0 10.7 24.2 9.3 1.2 




Mean value 39.3 24.6 0.6 8.9 7.1 14.3 4.8 0.4 
Std. Dev. 9.7 2.0 0.1 2.7 2.8 4.1 1.5 0.1 
Max. 50.7 27.0 0.7 12.4 11.4 20.1 6.5 0.6 
Min. 26.6 22.1 0.4 5.0 3.9 9.6 3.1 0.3 
 850 
(1) Calculated from analyses on 15 different areas. 851 
(2) Calculated from analyses on 15 different areas. 852 
(3) Combined results from (1) and (2). 853 
(4) Calculated from analyses on 8 different areas. 854 
 855 
  856 
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 857 
Table 3. Mean values of chemical composition for rice leaf sheath ashes (RlsA) and rice stem 858 
ashes (RsA) (external, internal and both zones) obtained at 450°C. Values were calculated from 859 
EDS analysis on a 115 µm × 85 µm area. (Std. Dev = standard deviation; Max = maximum value 860 
recorded; Min = minimum value recorded) 861 
 862 





Mean value 37.7 33.4 4.7 1.5 2.7 16.2 3.2 0.7 
Std. Dev. 17.8 5.8 2.0 1.6 1.6 7.2 1.1 0.4 
Max. 63.5 41.2 8.7 3.8 5.7 28.1 5.1 1.4 




Mean value 23.3 40.6 6.9 1.0 3.4 18.1 4.9 1.3 
Std. Dev. 19.7 8.0 5.0 1.3 1.0 5.9 1.3 0.4 
Max. 59.8 49.4 16.5 3.0 4.6 25.8 7.0 2.0 




Mean value 32.0 36.3 5.6 1.3 3.0 17.2 3.9 0.9 
Std. Dev. 19.56 7.51 3.60 1.48 1.44 6.70 1.45 0.48 
Max. 63.5 49.4 16.5 3.8 5.7 28.1 7.0 2.0 





Mean value 83.0 4.7 0.2 4.8 4.2 1.1 1.5 0.5 
Std. Dev. 7.2 2.1 0.2 2.4 2.8 0.8 0.8 0.2 
Max. 95.0 9.0 0.6 9.6 11.9 3.1 3.6 1.1 




Mean value 86.1 3.0 0.00 6.3 2.0 1.1 1.2 0.4 
Std. Dev. 2.4 0.5 0.00 1.1 0.7 0.3 0.4 0.1 
Max. 90.8 3.8 0.00 8.1 3.1 1.6 1.7 0.6 




Mean value 84.3 4.0 0.1 5.4 3.4 1.1 1.4 0.5 
Std. Dev. 5.9 1.9 0.2 2.1 2.4 0.6 0.7 0.2 
Max. 95.0 9.0 0.6 9.6 11.9 3.1 3.6 1.1 




(1) Calculated from analyses on 15 different areas. 865 
(2) Calculated from analyses on 15 different areas. 866 
(3) Combined results from (1) and (2). 867 
(4) Calculated from analyses on 15 different areas. 868 
(5) Calculated from analyses on 15 different areas 869 
(6) Combined results from (4) and (5). 870 
 871 
 872 






Table 4. Compressive strengths (in MPa, standard deviation in parentheses) for mortars after 7 878 








Fig. 1. Optical microscopy images of fresh rice leaf: a) adaxial (× 40) and b) 887 
abaxial surface (× 100). Key: p = phytolith; s = stoma; c = suberous cell; e = 888 
elongated epidermal cell; t = trichome; arrows indicate the longitudinal direction 889 
of the leaf. 890 
 891 
Mortar 7 days 28 days 
OPC control 54.9 (0.7) 62.7 (0.6) 
10% RSA 54.1 (1.8) 67.1 (2.0) 
25% RSA 45.8 (1.3) 58.9 (1.8) 
 40 
Fig. 2. FESEM micrographs of 105°C dried rice leaf: a) general view of adaxial 892 
surface; b) detailed view of dumbbell shape phytolith (pd); c) general view of 893 
abaxial surface; d) detailed view of cross shape phytolith (pc). 894 
 895 
Fig. 3. FESEM micrographs for rice leaf calcined at 450°C. Key: p = phytolith; m 896 
= matrix; p1 and p2, phytolith spots; m1 and m2, matrix spots (see Table 2). 897 
 898 
Fig. 4. Ternary diagram for the classification of biomass ashes (according to 899 
Vassilev et al., 2010). Location of some examples of reported agricultural waste 900 
ashes: rice husk ash (RHA), bamboo leaf ash (BLA), sugarcane leaf ash (SLA); 901 
location of ashes characterised in this research: rice leaf ash (RLA), rice leaf 902 
sheath ash (RlsA) and rice stem ash (RsA). 903 
 41 
 904 
 Fig. 5. FESEM micrographs of a RLA (adaxial surface) obtained at 550°C: a) 905 
general view of the spodogram; b) and c) enlarged zones; d) detailed view of 906 
sintered phytoliths. 907 
 908 
Fig. 6. FESEM micrographs of RLA (abaxial surface) obtained at 550°C: a) 909 
double chain of phytoliths; b) detail of the twin lines; c) highly spheroidal 910 
phytoliths; d) inorganic matrix. 911 
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 912 
Fig. 7. FESEM micrographs for RLA obtained at 600°C (a, b, c: slightly sintered 913 





Fig. 8. FESEM micrographs of samples obtained at 450C: a) external part of the 919 
stem; b) internal part of the stem; c) external part of the leaf sheath; d) internal 920 
part of the leaf sheath. 921 
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 922 
Fig. 9. Thermogravimetric curves for RSA-450 and RSA-550 (Dried air 923 
atmosphere, 20°C.min-1 heating rate). 924 
 925 
Fig. 10. FTIR spectra (400–1600 cm-1 range) for RSA-450, RSA-550 and RSA-926 
650. 927 
 928 
Fig. 11. XRD patterns for RSA-450, RSA-550 and RSA-650. Key: S = sylvite; C 929 
= calcite; Q = quartz; A = arcanite. 930 
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 931 
Fig. 12. DTG curves of RSA-450:CH (1:1) pastes cured for 7 and 28 days. 932 
 933 
 934 
Fig. 13. TG curves of RSA-650:CH (3:7) pastes cured for 7 and 28 days. 935 
 936 
Fig. 14. XRD patterns for RSA-450:CH (1:1) paste and RSA-650:CH (3:7) 937 
paste, both cured at room temperature for 28 days. Key: S = sylvite; C = calcite; 938 






Fig.15. Frattini test results after 8 days curing at 40ºC for blended cements with 944 
RSA (10% and 25% replacement percentages). 945 
 946 
 947 
